Introduction
Recently, a new class of B22-nucleotides endogenous RNAs, called microRNAs (miRNAs), has been discovered. Despite their name, these small RNAs have a major biological function by affecting the translation of proteins encoded by many genes. 1, 2 Although previous and current cancer research mainly focused on protein-coding genes, the function of miRNAs in gene regulation emphasizes the need to address the contribution of non-coding small RNAs in cancer cell physiology. miRNAs are encoded by at least 710 genes in humans, and are estimated to represent 1-5% of all predicted human genes. 3, 4 They form one strand of the miRNA:miRNA* duplex that is processed from a larger stem-loop precursor. [5] [6] [7] [8] [9] Only the mature miRNA strand binds to its (imperfect) complementary messenger RNAs (mRNAs), resulting in the translational repression of the targeted mRNA. [10] [11] [12] [13] Currently characterized miRNAs inhibit translation of proteins that play important roles in fundamental biological processes, such as proliferation and differentiation, 2, 14, 15 processes that are also affected in cancer cells. The expression profiles of miRNAs have been shown to be altered in various tumors including lung cancer, 16 colon cancer 17 and different types of leukemia, for example chronic lymphocytic leukemia 18 and acute myeloid leukemia (AML). 19, 20 Oncogenic activity of miRNAs was shown by the fact that introduction of the miR-17-92 cluster, which is upregulated in malignant lymphomas, accelerated c-myc-induced lymphomagenesis in mice. 21 MiRNA expression levels may be used in the classification of cancer. Lu et al. showed that poorly differentiated tumors could be more accurately identified using miRNA expression profiles compared to mRNA expression profiles. 36 More recently, miRNA signatures were also shown to classify different cytogenetic entities of adult AML, and aberrant miRNA expression was shown to be linked to the prognosis of adult AML. 19, 20 In contrast to several solid tumors, lymphomas, chronic lymphocytic leukemia and AML, the importance of miRNAs in acute lymphoblastic leukemia (ALL) is yet largely unknown. ALL represents a heterogeneous disease characterized by various underlying genetic abnormalities. Intensive combination chemotherapy schedules have resulted in a 5-year event-free survival of B80% in children, whereas the treatment of adult ALL is much less successful resulting in B40% 5-year event-free survival. 22 Genetically, different subtypes of ALL have different clinical outcomes. For example, infants (children o1 year) with ALL cells bearing a rearrangement of the MLL gene have a highly unfavorable 4-year prognosis of o40%. 22 It is not unlikely that miRNAs also play a role in ALL, as its subtypes are characterized by differentiation arrests at various stages in normal B-and T-cell development.
Present miRNA expression array-detection techniques are based on miRNA genes that have been published in the Sanger database. Consequently, one may miss yet-unknown miRNAs that are especially expressed in leukemic cells. Hence, we first systematically cloned miRNA genes that are expressed in leukemic cells of pediatric ALL patients with a poor prognostic MLL gene rearrangement and a prognostically more favorable precursor B-ALL subtype (B-other) to identify 'leukemia-specific miRNAs.' In total, 105 known and 8 new miRNA genes were identified in these two subtypes. Quantification of miRNA expression by stem-loop real-time PCR analysis revealed that the expression of both known and newly identified miRNA genes differed between genetically and prognostically different subgroups of ALL and between these subtypes and normal CD34 þ progenitor cells. Our data show that the current number of miRNA genes relevant to ALL is underestimated and that systematic miRNA gene cloning and subsequent miRNA expression analysis reveals ALL subtype-specific miRNA profiles. Our data also indicate that these subtype-related differences in miRNA expression levels cannot be explained by differences in the maturation status of individual ALL cases as judged on immunoglobulin and T-cell receptor rearrangement patterns and CD marker expression. Hence, the miRNA expression pattern seems more subtype-specific than B-or T-cell differentiation status specific in pediatric ALL.
Materials and methods

Patient samples
After obtaining informed consent, peripheral blood or bone marrow samples were obtained from children with ALL at primary diagnosis. MLL gene rearranged precursor B-ALL samples were collected from newly diagnosed infants (o1 years of age) who participated in the Interfant study. All samples were screened for (specific) MLL gene rearrangements by reverse transcriptase-PCR (RT-PCR) and fluorescent in situ hybridization. A total of 20 MLL-rearranged samples included in this study are positive for t(4;11), n ¼ 8; t (11;19) , n ¼ 8; t(9;11) n ¼ 3 and t(1;11), n ¼ 1. Fifteen T-ALL samples and 57 CD19 þ precursor B-ALL samples were obtained from the Cooperative Study Group for Childhood Acute Lymphoblastic Leukemia study (COALL; Hamburg, Germany) and the Erasmus MCSophia Children's Hospital (Rotterdam, The Netherlands). All non-infant precursor B-ALL samples were negative for MLL translocation and were genetically characterized by the presence of hyperdiploidy (more than 50 chromosomes, n ¼ 10), the TEL-AML1 (n ¼ 10), BCR-ABL (n ¼ 10) and E2A-PBX (n ¼ 8) translocations. The remaining 19 precursor B-ALL samples were negative for hyperdiploidy, MLL, TEL-AML1, BCR-ABL and E2A-PBX translocations (B-other). CD34 þ control samples were obtained from granulocyte colony-stimulating factor-mobilized peripheral blood stem cell harvests from two children with a brain tumor after informed consent.
Isolation of RNA and DNA out of leukemic cells
Mononuclear cells were isolated out of primary bone marrow and peripheral blood samples as described earlier. 23 . Nonmalignant cells were removed using immunomagnetic beads. All processed leukemia samples contained 490% blast cells, as determined on May-Grü nwald-Giemsa (Merck, Darmstadt, Germany)-stained cytospin preparations of isolated cells. CD34 þ control cells were enriched using magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) specific for CD34. Purity (490%) was assessed using flow cytometry. A minimum of 5 Â 10 6 cells was lysed in TRIzol reagent (Invitrogen, Breda, The Netherlands) to extract total RNA. 23 Quality of RNA was examined by the 2100 bioanalyzer (Agilent Technologies, Amstelveen, The Netherlands).
Analysis of the maturation status of MLL-rearranged precursor B-ALL and T-ALL cases
Ig/TCR rearrangement patterns of MLL-translocated ALL samples were analyzed by PCR as described earlier. 24 . 
Direct cloning of miRNAs
We used a slightly modified version of the direct cloning as described earlier by Lau et al. 25 Briefly, 1 pmol of
0 ) was spiked into a minimum of 1.5 mg total RNA extracted from purified leukemic cells. Subsequently, RNA size fractionation was performed on a 15% polyacrylamide 8 M urea gel (National Diagnostics, Atlanta, Georgia, USA) and 18-26 nucleotides small RNAs were isolated using the radiolabeled oligo as a reference. The 18-26 nucleotides-fractionated small RNAs were first ligated to a 3 0 -adaptor oligonucleotide (5 0 -preadenylated) without the presence of ATP, and then to a 5 0 -adaptor oligonucleotide (not adenylated) in the presence of ATP. Final ligation products were amplified by RT-PCR, after which the PCR products were digested with PacI restriction enzyme (New England Biolabs (NEB)), Ipswich, MA, USA) to eliminate carrier oligo products. After precipitation, PacI-digested PCR products were purified on a 15% non-denaturing polyacrylamide gel (National Diagnostics) and, according to their size, isolated from the gel and further amplified by 10-20 PCR cycles. PCR products were then digested with BanI restriction enzyme (NEB) and, if necessary, once more with PacI restriction enzyme. This was followed by concatemerization of BanI restricted products and subsequent ligation into the pCR 2.1-TOPO vector (Invitrogen). Finally, the sequence of small RNA libraries was analyzed (Macrogen, Seoul, Korea), and the data were bioinformatically analyzed to identify which miRNAs were expressed.
Bioinformatic analysis of small cloned RNAs
Cloned small RNA sequences were mapped to human and mouse genomes. Candidate precursor miRNA sequences were selected and computationally folded with the Vienna RNA Package.
26 Folded precursors were identified as miRNA candidates by applying a set of parameters derived from known miRNA genes as shown by Supplementary Figure S1 . The following parameters were applied to human miRNA candidates: a loop length of 6-35 bp; a 15-36 bp length of the miRNA* sequence, which is defined as the (imperfect) complementary strand of the miRNA within the folded precursor structure; a percentage of 55-100% of the miRNA that binds to the miRNA* sequence with 100% complementarity; and finally an energy from the precursor miRNA sequences between À42.5 and À6.8 kcal/mol. In case of mouse miRNA precursors, a loop length of 7-35 bp, a miRNA* length of 15-28 bp, a pairing percentage between 67 and 100% and an energy between À46.4 and À14.2 kcal/mol were applied.
Stem-loop RT-PCR
MiRNA expression was measured by stem-loop RT-PCR using primers and probes of the TaqMan MicroRNA assay for yetknown miRNAs or newly developed primers and probes for newly identified miRNA candidates (Applied Biosystems, Foster City, CA, USA). 27 Endogenous small nucleolar RNA 1 (snoRNA 1, 5 0 -AUUUGCUAUCUGAGAGAUGGUGAUGACAUUUUAA ACCACCAAGAUCGCUGAUGCA-3 0 ) or spiked synthetic miR181c was used as a reference for RNA input. In the latter case, synthetic miRNA-181c (Applied Biosystems) was added to total RNA before reverse transcription. Real-time PCR was performed in triplicate on an Applied Biosystems 7900HT RT-PCR system.
Statistical analysis
The Mann-Whitney U-test was used to compare expression levels of miRNAs between two groups. Fisher's exact test was used for frequency variables. Differences were considered statistically significant when Po0.05, two-sided.
Results
Identification of new miRNAs in two subtypes of pediatric ALL
A total of 1128 and 1080 small RNA (sRNA) sequences were cloned from the leukemic cells of an MLL-rearranged patient carrying a t(1;11) translocation and a precursor B-ALL patient negative for all known genetic subtypes in ALL (referred to as B-other), respectively ( Figure 1a ). Sequences of cloned sRNAs were mapped to the human genome and sequences encoding protein-coding mRNAs were excluded. 28 Precursor miRNA candidates were then extracted, folded to create the initial miRNA duplex and evaluated on the basis of features derived from a set of known miRNAs present in the Sanger database as described in the section Materials and methods. 4 Ninety-five and 88 miRNA genes were found to be expressed in the leukemic cells of the MLL-rearranged and B-other cases, respectively. A number of these genes were present in both patients, resulting in the identification of a total of 113 unique miRNA genes (Figure1a and Table 1 and Supplementary Table  S1 ). Of these, eight genes (7%) are newly discovered miRNA genes encoding eight new mature miRNAs not reported earlier in miRBase v11.0. 4 The 105 known genes (93%) encode 86 mature miRNAs and 15 miRNA* forms. Table 1 and Supplementary Table S1 show the clone count within the constructed libraries for newly cloned and known miRNAs. Newly identified miRNAs were cloned with a lower frequency than that of the majority of known miRNAs (Po0.001). For example, the maximum total clone count for newly found miRNAs is 4 (hsa-miR-1979), whereas the maximum clone count for known miRNAs is 667 (miR-142-3p). Another difference between newly found miRNAs and yetknown miRNAs is the fact that the sequences of the newly identified miRNA genes are not conserved between humans and mice. Ninety-two percent (79/86) and 80% (12/15) of the known mature miRNAs and miRNA*s share homology with mouse miRNAs, respectively (Figure 1b ).
MiRNA expression profiles differ between MLL-rearranged and other precursor B-ALL cases
As the total clone count obtained by the summation of clones containing identical DNA sequences is not an accurate quantification method, miRNA expression levels were measured by stem-loop RT-PCR. 27 Initially, the relative expression levels to spiked miR-181c of 8 novel and 86 known miRNAs/miRNA* forms were analyzed in the same samples that were used for Tables S2 and S3 ). Supplementary Table S2 shows that despite their low clone frequency within the library (Table 1) , the expression of newly identified miRNAs can be detected using the stem-loop RT-PCR technique. For example, hsa-miR-1975 was detected by just a single clone count, but this miRNA is 3.5-fold higher expressed in precursor B-ALL as compared with CD34 þ using quantitative stem-loop RT-PCR.
Out of the total of 94 validated miRNAs, we selected a set of highly differentially regulated miRNA candidates for which quantitative stem-loop RT-PCR primers/probes were available (Supplementary Tables S2 and S3 ). These miRNAs were validated in a larger group of 16 MLL-rearranged and 19 other precursor B-ALL patients being negative for MLL, TEL-AML1, BCR-ABL, E2A-PBX and hyperdiploidy (B-other). In addition, five miRNAs were included that are located near the 11q23 chromosomal region involved in the MLL translocation (that is, miR-100, miR-34b and miR-181c) or in the function of MLL-1 protein (that is, miR-142-5p and miR-142-3p). 29 As shown in Table 2 Intriguing is the 560-fold difference in the expression of miR196b between MLL-rearranged and B-other cases (Po0.001); miR-196b is 233-fold lower expressed in B-other ALL versus normal CD34 þ cells (Po0.001), whereas this miRNA is 2.4-fold higher expressed in MLL-rearranged patients (Table 2 ; P ¼ 0.02). In addition to miR-196b, seven other miRNAs are differentially expressed between MLL-rearranged and other precursor B-ALL cases as shown in Figure 2 (0.001pPo0.05), for example, miR-708 is 528-fold higher expressed in B-other than in MLL-rearranged ALL cases (Po0.001; Figure 2 , Table 2 ).
Only one out of five miRNAs tested for its potential linkage to the MLL-chromosomal region (11q23) and/or MLL1 function, that is, miR-34b, showed a B2-fold downregulation in MLLrearranged ALL compared as with B-other ALL cases (P ¼ 0.02; Figure 2 , Table 2 ).
Except for miR-196b, none of the differentially expressed miRNAs are located within regions of copy number variation identified by Mullighan et al. 30 However, as this copy number variation, that is a deletion of 7p, occurs in a minority of B-other patients (4%), it is unlikely that this deletion can explain the difference in miR-196b expression between B-other and MLLtranslocated ALL patients.
Subtype-specific miRNA expression profiles in ALL
As comparison between MLL-rearranged ALL and B-other ALL (negative for all major genetic abnormalities in ALL) revealed striking differences in miR-196b and miR-708 expressions, we wondered whether this reflected a difference in maturation status between both subtypes or was indicative for the leukemia subtype itself. To address this question, miR-196b and miR-708 expression levels were determined in other ALL subtypes, that is T-ALL (n ¼ 15) and precursor B-ALL patients positive for TEL-AML1 (n ¼ 10), BCR-ABL (n ¼ 10) or E2A-PBX (n ¼ 8) or with hyperdiploidy (n ¼ 10). MiR-196b was median 500-fold higher expressed in MLL-rearranged ALL compared with all other precursor B-ALL cases (Po0.001) and differed 350-fold up to 600-fold between MLL-rearranged ALL and the different subtypes of precursor B-ALL separately (Figure 3a ; 0.001pPo0.05). As the differentiation status of MLL-positive ALL is less mature than MLL-negative precursor B subtypes, we hypothesized that miR-196b expression levels may reflect the maturation status rather than the genetic subtype. However, analysis of immunoglobulin and T-cell receptor rearrangement patterns as measured for B-cell maturation status 24, 31 revealed that 10 out of 16 MLL-rearranged samples with a high miR-196b expression have a mature immunogenotype, and moreover, that one out of four MLL-rearranged samples with a low miR-196b expression has an immature immunogenotype. In addition, the high miR-196b expression level is not restricted to the proB immunophenotype as shown in Supplementary Table S4 , and the expression level of miR-196b seems independent of the specific MLL gene rearrangement (Supplementary Table S5 ). Interestingly, 5 out of 15 T-ALL cases also show 800-fold higher miR-196b expression than the expression of miR-196b in non-MLL-precursor B-ALL cases (Figure 3a ; Po0.001). However, only two out of these five cases have an immature phenotype based on CD1 and surface-membrane-bound CD3 expressions (Figure 3a) , and the remaining cases are intermediate and mature T-ALL cases. Figure 3b shows that miR-708 is 250-to 6500-fold higher expressed in TEL-AML1, BCR-ABL, E2A-PBX1, hyperdiploid and B-other cases compared with MLL-rearranged and T-ALL patients (Pp0.01). miR-708 is also differentially expressed among different non-MLL rearranged cases. For example, E2A-PBX1 þ and TEL-AML1 þ patients show an 8-to 9-fold higher miR-708 expression than BCR-ABL-translocated patients (Po0.01). Similar to miR-196b, the expression level of miR-708 does not reflect the differentiation status of MLLrearranged and T-ALL cases (Supplementary Table S6 ). Taken together, our present data do not suggest that high expression of miR-196b or low expression of miR-708 is indicative of a lessdifferentiated (immature) lymphoid cell type.
MicroRNA genes belonging to the same cluster have a similar expression pattern miRNA genes such as miR-181a and miR-181b belong to the same cluster based on their close location of less than 200 nucleotides apart from each other on chromosome 9q33.3. (181a cluster). Likewise, miR-181c and miR-181d are located next to each other on 19p13 (181c cluster). These grouped genes are thought to be derived from a common ancestor during evolution and are generally co-transcribed. 32, 33 In correspondence with this finding, miR-181a and miR-181b as well as miR-181c and miR-181d show a similar relative expression level compared with CD34 þ cells in MLL-rearranged, TEL-AML þ , BCR-ABL þ , E2A-PBX þ , hyperdiploid, B-other and T-ALL patients (Figure 4 and Supplementary Table S6, Po0.002). Another cluster of genes (miR-99a cluster on 21q21.1) is represented here by miR-125b-2 and miR-99a. These miRNAs are both lower expressed in MLL-translocated ALL and B-other ALL than in normal CD34 þ cells (Po0.001, Supplementary Table S7) . 34 postulated that predicted hairpin precursors with low clone counts and evolutionarily less-conserved sequences are not cell typespecific and may originate from dsRNA. However, using mature MicroRNAs in acute lymphoblastic leukemia D Schotte et al miRNA-specific stem-loop RT-PCR, the expression of these new and less-conserved miRNAs was shown in ALL patients, sometimes even at relatively high levels; for example hsa-miR-1975 is 3.5-fold higher expressed in precursor B-ALL than in normal CD34 þ cells (Supplementary Table S2 ). We also identified a low clone count miRNA that, by the time of submission of this paper, was indicated as miR-708. 34, 35 Quantitative PCR revealed that miR-708 was differentially expressed in ALL subtypes (varying between 5-and 2500-fold compared with normal CD34 þ cells, Table 2 ). This exemplifies that even low count miRNAs are of clinical interest. In addition, our data suggest that expression analysis of miRNA genes, which are presently known in the Sanger database, results in an underestimation of miRNAs that may be important for leukemia and/or informative for genetic abnormalities underlying different ALL subtypes.
A set of 19 miRNAs was further validated in an extended group of patients using the above-mentioned stem-loop RT-PCR technique. This technique was chosen because current probebased array techniques are hampered by the fact that only known miRNAs can be tested. The expression level of 18 miRNAs in MLL-rearranged ALL and all 19 miRNAs in B-other ALL differed from the expression level in normal CD34 þ progenitor cells. In contrast with earlier reports showing mainly downregulation of miRNAs in cancer including leukemia, 19, 36 we found both upregulated (14/19) where a deletion of the miR-15a/16-1 cluster abolishes the inhibition of the anti-apoptotic Bcl-2 target oncogene and, as a consequence, facilitates proliferation of these cells. 37 Overexpression of miR-21 in adult AML may be linked with reduced expression of tumor suppressor genes such as PTEN, a gene that is known to play a role in leukemogenesis. 20, 38 The expression of miRNAs may be regulated by epigenetic modifications such as promoter hypermethylation. Interestingly, the leukemic fusion gene AML1/ETO has been reported to promote the hypermethylation (and hence reduced expression levels) of miR-223 in t(8;21)-positive AML. 39, 40 We also identified expression differences between different genetic subtypes of precursor B-ALL that are characterized by leukemia-specific fusion genes such as MLL fusion genes in MLL/ 11q23-rearranged ALL, TEL/AML1 in t(12;21)-positive ALL and BCR/ABL in t(9;22)-positive ALL (see Table 2 ; Figure 3) . As miRNAs are known to be differentially regulated during development, [41] [42] [43] [44] subtype-specific expression of miRNAs such as miR-196b (high in MLL-rearranged ALL) and miR-708 (high in other precursor B-subtypes) might reflect a difference in the differentiation status of leukemic cells; for example, MLLrearranged ALL is linked to a more immature proB-type compared with a more differentiated common/preB subtype often found in non-MLL precursor B-ALL subtypes. 24, 45 However, no linkage between miR-196b and miR-708 expressions and the maturation status of MLL and T-ALL cases were detected in the present study. This observation suggests that the expression level of both miRNAs reflects the differences between leukemic subtypes and is less likely to be associated with the differentiation status. Recently, the MLL gene-encoded MLL1 methyltransferase protein was found to extensively bind the miR-142 gene on 17q23.2 resulting in the dysregulation of miR-142 expression. 29 However, miR-142 was not found to be differentially expressed between MLL-translocated ALL cases compared with other precursor B-ALL cases in the present study. In addition, no aberrant expression levels were found for other miR genes located in the proximity of the MLL gene, including miR-100 and miR-34b. In contrast, a striking difference in the miR-196b expression of 500-fold was found between MLL-rearranged ALL and different non-MLL precursor B-ALL subtypes as well as a 800-fold difference between a subset of T-ALL cases and non-MLL precursor B-ALL cases. The miR-196b gene is located in the HOXA cluster at chromosome 7p15: an area reported to be affected by copy number variation in p5% of non-MLL precursor B-ALL cases and 0% of MLL-rearranged cases. 30 ( Table 2) . Recently, it was suggested that transcriptional activation of this cluster is caused by MLL1 binding and MicroRNAs in acute lymphoblastic leukemia D Schotte et al subsequent H3-K4 trimethylation of associated histones. 29 As miR-196b is mapped between HOXA9 and HOXA10, the transcriptional activation of HOXA genes by MLL1 might also affect the expression of miR-196b. Indeed, we observed that miR-196b expression correlated with the expression of HOXA9 and HOXA10 in MLL-rearranged cases (data not shown). Overall, these findings point to a possible co-regulation of the HOXA cluster and miR-196b in MLL-translocated ALL. Similar to miRNA-mRNA co-transcriptional regulation, the transcription of miRNA genes can also be co-regulated as described for the miR-17-92 polycistron. 21 In the present study, we showed that the family members of the 181a and 181c clusters are also co-expressed at similar levels in pediatric ALL.
Co-regulation of protein-encoding and/or miR-encoding genes may have important regulatory consequences in cell physiology by generating feedback loops that avoid uncontrolled expression of protein-encoding genes (for example, miR-17-92 cluster and E2F1-c-Myc loop). 46 Interestingly, the miR-196 family may be involved in the regulation of evolutionarily conserved homeobox (HOX) genes, which are powerful regulators of (lymphoid) development. MiR-196a, which differs only in one nucleotide from miR-196b, has been shown to target the translation of HOXB8 and HOXC8, 47 the latter also predicted as a potential target of miR-196b by three computer algorithms that base their prediction on sequence homology, that is miRanda, PicTar and Targetscan (Supplementary Table S8) . [48] [49] [50] Aberrant miR-196 expression may contribute to leukemogenesis, as dysregulated HOX genes were shown to directly induce leukemia in mice. 51 According to the algorithm miRanda, miR-708 also might regulate two target candidate genes linked to leukemia (Supplementary Table S9) . 48 The first one, IKAROS family zinc finger 4 (IKZF4), associates with its family member IKAROS, a regulator of lymphocyte commitment and differentiation, which contributes to leukemia if dysregulated. [52] [53] [54] The second one, the Feline sarcoma (Fes) oncogene, is involved in cell survival and, interestingly, is found to be translocated in acute promyleocytic leukemia. 55, 56 Taken together, both miR-708 and miR-196b might inhibit the translation of proteins associated with normal survival and development of lymphocytes. Dysregulation of these proteins by aberrant expression of miR-196b and/or miR-708 might therefore contribute to leukemogenesis. However, additional biological studies have to reveal whether these miRNAs effectively contribute to leukemogenesis or whether the observed upregulation in the case of miR-196b is just a bystander effect of the activated HOXA cluster in MLL-rearranged cases.
In summary, this study revealed new miRNAs that are, in contrast to presently known miRNAs, not evolutionarily conserved. We show that the expression of both known and newly identified miRNA genes varies in genetically and prognostically different subtypes of pediatric ALL and normal CD34 þ progenitor cells. At present, our data suggest that the differential expression of miRNAs, such as miR-196b and miR-708, is more associated with the leukemic subtype than with the maturation status of cells. This phenomenon warrants further functional studies of the role of miRNAs in leukemia.
